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Abstract 
Single-lap shear behaviour of carbon-epoxy composite bolted aircraft fuselage joints at quasi-static and dynamic 
(5 m/s and 10 m/s) loading speeds is studied experimentally. Single and multi-bolt joints with countersunk 
fasteners were tested. The initial joint failure mode was bearing, while final failure was either due to fastener 
pull-through or fastener fracture at a thread. Much less hole bearing damage, and hence energy absorption, 
occurred when the fastener(s) fractured at a thread, which occurred most frequently in thick joints and in quasi-
static tests. Fastener failure thus requires special consideration in designing crashworthy fastened composite 
structures; if it can be delayed, energy absorption is greater. A correlation between energy absorption in multi-
bolt and single-bolt joint tests indicates potential to downsize future test programmes. Tapering a thin fuselage 
panel layup to a thicker layup at the countersunk hole proved highly effective in achieving satisfactory joint 
strength and energy absorption. 
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1 Introduction 
With composite materials being used to a greater extent in each generation of new aircraft, the topic of 
composite joints remains a key area of concern for the industry [1]. The present work is focused on the role of 
joints in vulnerability and crashworthiness design of aircraft structures, and was carried out as part of the EU 
FP7 project, MAAXIMUS [2] (More Affordable Aircraft through eXtended, Integrated and Mature nUmerical 
Sizing). Although bolted joints provide lower structural efficiency than bonded joints, they offer increased 
accessibility and reduced manufacturing and maintenance costs [3], so they are still widely used. Mechanically-
fastened joints are now set to feature in composite fuselage skin structures of next-generation aircraft, where 
countersunk fasteners are used due to the aerodynamic benefits. Aircraft skin structure plays a crucial role in 
absorbing energy in a crash situation. In addition to the immediate site of an impact, extensive laminate damage 
will occur at bolt locations in mechanically fastened assemblies. The ability of bolted composite joints to absorb 
energy, thus, has a very important influence on the vulnerability behaviour of such structures. For example, 
McCarthy et al. [4, 5] modelled bird strike on an aircraft wing leading edge and found rivet behaviour to have a 
*Manuscript
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profound effect on the overall structural response. Thus, improved understanding of composite countersunk 
joints under dynamic loading is an important research goal for the aircraft industry. 
Most high rate testing studies on carbon-epoxy composites suggest enhancement of matrix-dominated ply 
properties with increased loading rate [6-15]. All of these studies pointed to an enhanced nonlinear shear 
response (elevated stress-strain curve) for increased loading rates. Koerber [14] analysed data from multiple 
studies ([8, 11, 12, 16]) and found the strain rate effect on the tensile, compressive and shear strength of neat 
epoxy resin to be approximately equal to the strain rate effect on the transverse tensile, transverse compressive 
and in-plane shear strength of a unidirectional (UD) carbon-epoxy laminate. However, it was highlighted that 
transverse tension failure in a UD composite can be caused by fibre-matrix de-bonding rather than by failure of 
the matrix [12], necessitating studies on carbon-epoxy material systems such as those in [6-15]. Extensive high 
rate testing was carried out on off-axis carbon-epoxy specimens with varying off-axis ply orientation in [13, 15]. 
Strain rates ranged from quasi-static to 350 s
-1
 in [13], while 400 s
-1
 was the upper limit in [15]. In both studies, 
enhancement of the stress-strain response was observed with increasing strain rate for the off-axis specimens, 
which is associated with an enhanced in-plane shear response. Increased transverse compressive strength in the 
dynamic tests of [13, 15] may be attributed to the fact that a shear failure controls this property [17].  
Concerning neat resin, only limited data is available on strain rate sensitivity with most high rate data being 
from compression tests due to the difficulty with carrying out tension and shear experiments using the split 
Hopkinson bar method. Walley et al. [18], Chen and Zhou [19], Shah Khan et al. [20], and Buckley et al. [21], 
all showed an increase in yield stress and maximum stress with increasing strain rate, under compressive 
loading. For example, Buckley et al. [21] tested two bisphenol A (BPA) epoxy resins and a bismaleimide resin, 
and found a 60-80% increase in yield stress with an increase in strain rate from 0.0008 s
-1
 to 4500 s
-1
, under 
compressive impact loading. Buckley et al. [21] also tested the same resins in tension, and found only a small 
increase in yield stress (12-14%), and a large decrease in maximum strain (40-80%), i.e. the resins behaved in a 
more brittle fashion at high strain rates when loaded in tension. An interesting aspect of the tests in [21], of 
relevance to the present work, was the measurement of temperature using an infrared radiometer. In their high 
rate compression tests, it was found that the temperature was approximately constant during yield, but then rose 
sharply post-yield reaching values of 60?C just prior to fracture and over 75?C during final fracture. The 
temperature rise is presumably due to internal friction as cross-links break and polymer chains untangle and 
slide relative to each other. Hou et al. [22] tested the same resins that were studied by Buckley et al. [21] in 
shear and found a more ductile response in shear than that observed in tension. Gilat et al. [11] tested two 
aerospace-grade epoxy resins, one untoughened (E-862) and one toughened (PR-520), in tension and shear. In 
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shear, both resins showed a ductile response with maximum stress increasing with strain rate. In tension, a 
ductile response was observed at low strain rate ( ) and (similar to in [21]) a brittle response was 
obtained at medium and high strain rates (  and ). 
Relatively few studies have been carried out on bolted composite joints under high speed loading conditions. 
Ger et al. [23] investigated the effects of loading rate on the structural response of mechanically-fastened hybrid 
carbon-kevlar fibre-reinforced plastic (HFRP) and carbon fibre-reinforced plastic (CFRP). Joints were tested 
quasi-statically and at loading rates of 3-5 m/s. With increasing test speed, joint stiffness increased but energy 
absorption reduced. Ultimate load reduced with increasing speed for pinned joints, but remained constant for 
single-lap joints, and increased for double-lap joints. The validity of these results was questioned in [24], since 
inertia effects of the specimen attachment were not accounted for in the force measurement. Li et al. [24] tested 
various CFRP riveted joints under quasi-static, 4 m/s and 8 m/s loading velocities. The study mainly involved 
protruding head fasteners with diameters of 4 mm or 6.4 mm, and laminate thicknesses of 1.05 mm up to 
3.9 mm. Generally, energy absorption was found to increase with loading rate, contradicting the results of Ger et 
al. [23]. The results of the 8 m/s tests were found to be very similar to those of 4 m/s tests. Fastener pull-through 
was a more prevalent final failure mode in the dynamic tests compared to the quasi-static tests. This contributed 
to the increased energy absorption observed, as less extensive hole bearing damage was associated with other 
final failure modes. Generally stiffness and strength of the joints increased only slightly with loading rate. 
Pearce et al. [3, 25] carried out tests at loading velocities of up to 10 m/s on bolted carbon-epoxy joints. Single-
bolt joints were loaded in bearing and pull-through, and a more complex multi-bolt structure was the subject of 
dynamic impact tests. The composite material system was a carbon fibre, plain weave fabric 
(T300/CYCOM970) and laminates were 3.52 mm thick. Countersunk fasteners with a 100?? head angle and 
6.35 mm diameter were used in most tests, though some single-bolt bearing tests included protruding head 
fasteners. It was concluded that quasi-static joint design is conservative, as the dynamic results showed equal or 
increased values of stiffness, strength and energy absorption relative to the quasi-static tests. Only minor loading 
rate sensitivities were observed in the pull-through and multi-bolt structural impact tests. The single-bolt joints 
were designed on the cusp of two failure modes – net-tension and bearing-cleavage failure. While representing 
an efficient joint design, this introduced variability in final failure mode for the protruding head joints which 
made comparison between different loading rates difficult for this type of joint. The countersunk joints, 
however, failed consistently in bearing allowing such a comparison, and it was found that the bearing response 
of single-bolt countersunk joints was similar for different loading velocities up to initial damage onset; the final 
failure mode, however, changed between 0.1 m/s and 1 m/s. Low rate tests exhibited a sudden drop in load after 
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ultimate strength was attained, due to bolt fracture near the nut, while this did not feature in the high rate tests. 
In the higher speed tests significantly greater levels of hole bearing damage occurred prior to a final cleavage 
failure of the joint. Consequently, greater energy was absorbed in the higher speed tests. The presence of greater 
bearing damage in high speed test specimens was attributed to a possibly reduced fracture toughness of the 
epoxy matrix at higher loading rates. This observation is in line with McCarthy et al. [26], where quasi-static 
tests on bolted carbon-epoxy joints were carried out with different bolt-hole clearances. The authors suggested 
that if ultimate failure involved bolt fracture, a damageable laminate could be advantageous from an energy 
absorption viewpoint, since if more energy is absorbed by the laminate, less needs to be absorbed by plastic 
deformation of the bolt, and therefore ultimate joint (i.e. bolt) failure is delayed. 
Heimbs et al. [27] recently carried out experimental tests on mechanically fastened composite joints under 
quasi-static loading conditions and at velocities up to 10 m/s. Countersunk fasteners with a 130??head angle and 
4.8 mm diameter were used to fasten 16-ply quasi-isotropic, Cycom 977-2/HTS laminates. Single-lap shear tests 
on single-bolt and two-bolt specimens, bolt pull-through tests and coach peel tests were carried out. Only the 
two-bolt, single-lap shear specimens exhibited rate dependence, where the failure mode changed from net-
tension under quasi-static and 2 m/s loading velocities to extensive bearing damage and fastener pull-through for 
the 10 m/s test velocity. This promotion of bearing damage at higher loading velocities was in line with 
observations of Pearce et al. [3, 25] and Li et al. [24]. The single-bolt, single-lap shear joint displayed bearing 
failure followed by fastener pull-through for all loading rates, with a similar load-displacement response at all 
rates. It was summarised that for some joint configurations and loading types, strain rate effects may occur and 
failure modes may change, but for others no rate sensitivity occurs. This degree of variation highlights the 
importance of static/dynamic experimental test programs in evaluating joint structural performance. 
In the present work, quasi-static and dynamic tensile tests were carried out on bolted, single-lap CFRP joints. 
Configurations were representative of aircraft skin connections with thin laminates and countersunk fasteners. 
The chosen dynamic loading velocities of 5 m/s and 10 m/s are representative of joint loading seen close to the 
impact site in low energy impact events and further away from the impact site in high energy events such as bird 
strike or gear-up landing [3]. Ultimate joint strength and energy absorption are the main focus as these are of 
primary importance in quantifying joint performance in such situations [24]. 
2 Experimental methods 
2.1 Problem description and preparation 
The joints studied are test cases from the aforementioned MAAXIMUS project [2]. The joints, shown in Figure 
1, were single-lap and sized to consistently induce bearing failure (w/d=6.25). Specimen lengths and gripping 
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lengths were dictated by the gripping mechanisms of the high-speed test machine. The material used was 
HexPly
®
 M21E/IMA carbon-epoxy a carbon fibre composite prepreg with a toughened epoxy resin and three 
stacking sequences were employed: a 13-ply “A”-layup, a 17-ply “C”-layup and a 25-ply “E”-layup (see Table 
1). The “A”-layup represents a minimum feasible fuselage skin panel thickness, while the “C” and “E”-layups 
are representative of layups suitable for regions of low and high axial loads within the fuselage skin, 
respectively. 
Tests were conducted on C-joints (fastened C-layups), E-joints (fastened E-layups) and AC-joints (a C-layup 
fastened to a tapered A-layup). AC-joints represent a more ambitious weight-saving design than C-joints, as 
they facilitate the inclusion of the 13-ply A-layup in the fuselage barrel section. The countersink cut depth 
required for these fasteners is approximately 1.2 mm and if airframe design rules of [28] are considered, the 
plate thickness (t) should be at least 1.5 times this thickness, or 1.8 mm. As the A-layup thickness, at 1.625 mm, 
falls short of this, A-layups were tapered up to C-layups to allow inclusion of a countersunk hole in the overlap 
region. An equally important motivation for tapering up the A-layup was to strengthen the laminate in the 
critical joint region. The A-layup was tapered to a C-layup with a 1:20 gradient for the laminate with the 
countersunk hole (denoted “CSK”), as illustrated in the inset to Figure 1(a). Only the C-joint was dynamically 
tested in the multi-bolt configuration.  
Test speeds were quasi-static (0.03 mm/s), 5m/s and 10 m/s. As in [3], the dynamic loading rate was quantified 
by the far field velocity of the applied load. Quasi-static tests were carried out according to ASTM 
D5961/D5961M [29]. Codes are defined in Table 1 denoting layups, loading velocities and joint geometries. As 
an example, code “CLam_B1_TV5_1” refers to a joint with “C”-layup laminates, with one bolt, and test 
velocity of 5 m/s. The “_1” indicates the first instance of a number of repeats of this case. Aerospace grade 
titanium alloy (Ti-6Al-4V) fasteners with a 4.8 mm bolt diameter and 130? countersunk head (ABS0873) and 
steel nuts (ASNA2536) secured the joints. Drilled holes were finished with a reamer and a typical bolt-hole 
clearance was determined to be 10 m. 
2.2 Test setup and post-processing 
Quasi-static tests were performed on a Zwick 100 kN universal hydraulic machine, while high speed tests were 
carried out on a Zwick Amsler HTM 5020 high speed testing machine (see Figure 2). The high speed machine 
incorporates a lost motion unit which allows the crosshead to accelerate to the chosen test velocity before 
impacting the specimen clamping attachment. The velocity during each test was recorded and found to be 
constant within a variation of about 10% of the nominal input. The stiff frame is designed to minimise effects of 
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high impulse peaks which occur in high speed tests and a Kistler 9071A piezo-electric load cell permitted force 
measurement at frequencies of 1 MHz.  
All high speed test specimens had a set of edge surfaces prepared for 2D Digital Image Correlation (DIC), as 
highlighted in Figure 1. As in [13], a coarse speckle pattern was applied due to the limited resolution of high 
speed imaging. A Photron SA1.1 high speed camera (see Figure 2(b)) was used to capture images of the 
speckled surface at approximately 50,000 frames per second. The images were later processed with LAVision 
StrainMaster DIC software to obtain displacement measures. Extensometers were used in several of the quasi-
static, single-bolt joint tests to obtain an accurate measure of joint overlap displacement (see Figure 3(a)). In the 
high speed tests, 2D DIC provided “virtual extensometer” readings (see Figure 3(b) and (c)), which gave a better 
measure of joint displacement than machine stroke. Extension measurements from DIC were limited to 
approximately 5 mm, due to the restrictions on image size at high frame rates. This was enough to provide an 
accurate displacement measure to well beyond the onset of bearing failure, but not to complete joint separation. 
The machine stroke was available to complete joint separation. 
Specimens were initially clamped in a free attachment which was then mounted in the high speed machine (see 
Figure 2(b)). Care was taken to ensure the specimens were square, both in the free attachment grips and machine 
grips, to prevent off-axis loading. Filtering of the data was later carried out in Matlab, where DIC measurements 
were synced with force readings. Force signals in dynamic tests typically exhibit oscillations of high amplitude, 
which are associated with natural frequencies of the fixed side of the clamping system [30]. These must be 
removed to obtain the real force in the specimen. Two signal processing techniques outlined by Becker et al. 
[30] were evaluated in processing the load signal data. The first involved applying a third-order, 2500 kHz, low 
pass Butterworth filter, as employed by Li et al. [24]. The second approach was to apply a Fast Fourier 
Transform (FFT) to the signal, in order to isolate the “peak” in amplitude associated with the natural frequency 
of the machine. This peak was then removed by applying a linear variation between points on either side. The 
“real” force signal was obtained by reconstructing the modified FFT as done in [30]. 
Bearing stress versus bearing strain curves were obtained for the single-bolt joints. Bearing stress is defined as: 
 
 
(1) 
where P = load (from the filtered reaction force), D = diameter, t = actual laminate thickness and k = load per 
hole factor (1.0 for single-fastener tests). Bearing strain in the quasi-static tests was defined as: 
 
 
(2) 
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where:  , = displacements in extensometers 1 and 2, and K = 1.0 for double shear tests, while K = 2.0 for 
single-shear tests (so K = 2.0 here). Bearing strain in the high speed tests was obtained from the virtual 
extensometer measure ( ) – see Figure 3(c): 
 
 
(3) 
 
3 Results 
3.1 Joint failure modes 
All joints exhibited bearing failure as the initial failure mode, with no net-tension failures, as intended by the 
choice of w/d=6.25. The final joint failure mode, summarised in Table 2, was not the same in all tests. As can be 
seen in Table 2, under quasi-static loading, fastener fracture at a thread (denoted FF failure) was the most 
prevalent final failure mode, with six of nine single-bolt specimens exhibiting FF failure (including all of the 
thicker E-laminate specimens), and most bolts in three-bolt joints showing this type of failure (including all 
bolts in the E-laminate specimens). The other type of final failure mode was fastener pull-though (denoted FP). 
Under quasi-static loading, this occurred only for the thinner C and AC joints, in some of the single-bolt 
specimens, and in one bolt in the multi-bolt specimens. In contrast, in the high speed tests, FP failure was far 
more common, occurring in all twelve single-bolt tests for the thinner (C and AC) joints, half of the six single-
bolt tests for the thicker (E) joint, and in all bolts in all multi-bolt specimens (for which only the C-laminates 
were tested). Overall, there was a significant shift from FF failure to FP failure as the loading changed from 
quasi-static to dynamic. Fastener fracture at a thread was only observed in 3 of the 24 high speed bearing tests 
(12.5%), while it featured in 8 of the 11 quasi-static tests (73%). 
Another key difference between the quasi-static and high speed tests was the much higher level of laminate 
bearing damage at the higher test speeds. As we shall see later, FF failure was generally accompanied by much 
less bearing damage than FP failure, but even quasi-static FP failures showed significantly less bearing damage 
than dynamic FP failures. This is illustrated in Figure 4 for single-bolt specimens and in Figure 5 for multi-bolt 
specimens. 
These findings are in agreement with Pearce et al. [3], where below 1 m/s, limited bearing damage preceded bolt 
failure, but at 1 m/s and above, joints eventually failed in a cleavage mode with more bearing damage in the 
laminate. In the study of Heimbs et al. [27] net-tension failure occurred in both the quasi-static and 2 m/s test on 
a two-bolt joint, but this changed to a bearing and fastener pull-through failure at 10 m/s. Had our joint 
geometric parameters, layup or material system been different, cleavage failure rather than fastener pull-through 
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may have been the final failure mode in high speed tests, as in [3]. The common observation between our results 
and those in [3] and [27] is the increased levels of bearing damage in the high speed tests.  
Focusing now in more detail on the high speed tests, high speed camera images from a CLam_B1_TV10 test 
with FP as the final failure mode (Figure 6) reveal secondary bending and bolt rotation. A high level of hole 
crushing is evident from the significant relative motion between the laminates, while the assembly is still intact. 
In the failed specimen, shown in Figure 7, bearing damage at the hole in the countersunk (CSK) laminate is far 
greater than that at the non-countersunk (NCSK) hole. This was also a feature of the quasi-static tests and is due 
to higher compressive ply stresses acting on the reduced load bearing area of countersunk holes [31-33]. 
Countersunk hole lengths in failed specimens of high speed tests (measured at the faying surface) were in excess 
of twice the original hole diameter. Fastener pull-through was generally facilitated by a damaged countersunk 
head as shown in Figure 7. Pearce et al. [3] had similarly noted large amounts of bearing damage, but this was 
followed by cleavage failure rather than the fastener pull-through observed here. In many of our tests, hot debris 
could be identified in the high speed test footage (e.g. see image at 0.89 ms in Figure 6). The appearance of hot 
debris and sparks could be a concern where joints are exposed to fuel vapour, as noted in [34]. 
Images from a dynamic joint test with FF failure (which only occurred in E-joints for dynamic loading) are 
shown in Figure 8. Compared to Figure 6, far less joint displacement and bolt rotation is observed prior to joint 
separation, indicating less hole crushing. This is confirmed in Figure 9(a) where much less bearing damage is 
observed for this specimen, compared to Figure 7. A single-bolt, E-layup specimen exhibiting FP failure is 
shown in Figure 9(b). The bearing damage is greater than in the FF failure of the same layup in Figure 9(a) 
although not as extensive as in the thinner joint (compare Figure 9(b) and Figure 7). Overall though, joints with 
FF failure exhibited far less bearing damage than joints displaying FP failure. Fastener failure at a thread 
interrupts the joint failure process; if it did not occur, fastener pull-through would eventually take place.  
A crack in the countersunk head, on the side where the bolt rotates down into the laminate is also observable in 
the inset for Figure 9(a). This type of crack, on the side of the hole opposite to where it is loaded in bearing, also 
featured in quasi-static tests but, again, only for failed E-layup specimens. It is indicative of the higher forces on 
the head during secondary bending of the thicker E-layup joints, compared to the C-layup joints. This issue is 
further addressed in Section 3.4. For the C-joints, damage to the head was on the side of the hole where it was 
loaded in bearing and occurred later in the test, during fastener pull-through.  
Trends associated with multi-bolt joint failure are important as real aircraft joints tend to have multiple rows of 
fasteners [34]. If single-bolt tests could be used to predict multi-bolt test results, a significant reduction in testing 
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may be possible in development programmes. The dynamically loaded multi-bolt joints all exhibited failure 
similar to that shown in Figure 10. As for dynamic single-bolt tests on the same C-layup, extensive bearing 
damage was observed at all three holes, and fastener pull-through was again facilitated by damaged countersunk 
heads. Interestingly, the failure modes in the multi-bolt joints were all in line with those in the single-bolt joints, 
both for quasi-static and dynamic loading, e.g. from Table 2: 
· All dynamic tests on three-bolt, C-layup (CLam_B3) joints exhibited FP failure, as was the case in 
dynamic tests on single-bolt, C-layup (CLam_B1) joints. 
· For each of the quasi-static three-bolt, C-layup (CLam_B3) joints some bolts exhibited FF failure, 
while others exhibited FP failure. Both failure types occurred for quasi-static CLam_B1 tests.  
· Final failure in the three-bolt, E-layup (ELam_B3) joints (which were only tested quasi-statically) was 
exclusively due to catastrophic (FF) bolt fractures. FF failure was the only final failure mode observed 
in the single-bolt, quasi-static E-layup (ELam_B1_QS) tests. 
The correlation between the single and multi-bolt load-deflection curves is examined in Section 3.3. 
3.2 Single-bolt joint bearing response curves 
Three versions of the load signal were considered in analysing the joint response – the raw force signal, the 
force signal with the Butterworth low pass filter applied, and the force signal reconstructed from the modified 
fast Fourier transform (FFT). Figure 11 shows the various outputs for a sample 5 m/s test (CLam_B1_TV5_1). 
The results from the two filter types are seen to be similar, although the modified FFT method exhibits more 
high frequency oscillations. The low pass filtering approach was used for the remainder of the work, since an 
identical filter cut-off (2500 kHz) could be applied to all tests, resulting in a consistent filtering method and a 
clean signal for comparing results. The filtered load-displacement curves for all high speed tests are provided in 
Annex A of the online version of this paper. 
To illustrate the effect of machine displacement, filtered reaction force is plotted against machine stroke in 
Figure 12(a), for the single-bolt, C-layup (CLam_B1) joints tested at 5 m/s. Figure 12(b) shows the 
corresponding results when the displacement is calculated from the virtual extensometer readings. In 
comparison to Figure 12(a), the force in Figure 12(b) peaks at a much smaller displacement value, indicating 
that significant stretching of machine components (and most likely to a far lesser degree, non-overlapping joint 
regions) occurs. Repeatability when using the virtual extensometer displacement is excellent, implying that 
some of the variability seen in Figure 12(a) is due to variable machine stretching. The response in Figure 12(b) 
includes a clear “kink” in each test repeat between about 1.25 kN and 2 kN. This was also seen in the quasi-
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
10 
 
static joint tests, and marks the transition from initial joint “sticking” to slipping behaviour [35]. The repeated 
appearance of this kink at the same load level provides confidence in the results and choice of filtering process. 
Response curves for all dynamic single-bolt joint tests using virtual extensometer displacement are shown in 
Figure 13(a) for 5 m/s tests and in Figure 13(b) for 10 m/s tests. E-layup joints exhibit significantly greater 
ultimate loads than thinner (C and AC) specimens. Three of the E-layup tests exhibit a complete drop-off in load 
after ultimate joint strength is attained, which is due to fastener facture at a thread (FF) failure, as discussed in 
Section 3.1. Interestingly, even for E-layup tests which did not fail in this catastrophic manor, the load reading 
initially drops much more sharply than in the C/AC specimens, before settling into a more gradual unloading 
slope, similar to that observed for thinner specimens. The initial sharp drop is attributed to the occurrence of the 
fastener head crack on the side of the hole opposite to where it is loaded in bearing, described in Section 3.1 and 
illustrated in Figure 9(a), which causes the load to drop but still allows the bolt to sustain load, enabling further 
bearing damage in the laminate; this crack occurred exclusively in E-layup joints and was also observed in 
quasi-static tests of the same layup. For both speeds, the ACLam_B1 joints and CLam_B1 joints exhibit a 
similar response, which was also found in quasi-static tests. This indicates that joint response is governed by the 
layup in the overlap region, and laminate tapering, such as that employed in the ACLam_B1 joint design, could 
be successfully applied to reduce weight in an adjacent panel region.   
Bearing stress versus bearing strain is shown for the thinner (C and AC) single-bolt joints in Figure 14. The 
stiffness in the high speed tests is broadly in line with that of the quasi-static experiments. The load level at 
which the stick-slip “kink” occurs is also similar for the quasi-static and high speed results. To give an 
indication of offset bearing strength, which is associated with initial or “primary” failure, a typical 2% offset 
chord line (defined from a high speed test in each case) is included on the graphs. We see that compared to the 
quasi-static tests, the 2% offset bearing strength is higher in the dynamic tests, but the ultimate bearing stress is 
lower, i.e. the dynamic stress-strain curves initially rise above the quasi-static curves, but then dip below them. 
For each joint type, a similar response is obtained in 5 m/s and 10 m/s tests. This correlates with observations of 
Li et al. [24], where results from 4 m/s and 8 m/s tests were very similar. Pearce et al. [3] also drew a distinction 
between tests conducted below 1 m/s and those conducted at 1 m/s and above.  
The increased offset bearing strength of the dynamically-tested C and AC joints could be attributed to enhanced 
matrix-dominated ply properties such as in-plane shear response, or suppressed fibre kinking (due to enhanced 
properties of the supporting matrix), as suggested in a number of previous studies [6, 7, 9, 10, 13, 15]. The 
loading of the matrix is highly complex, being different in each ply, but in general is likely to be dominated by a 
compressive stress component in the early stages of loading. Neat resins displayed increased compressive yield 
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stress with increased loading rate in [21] and [11] which is in line with the increased offset bearing stress seen in 
our joints. 
The subsequent crossing of the dynamic curves under the quasi-static curves was also seen in the single-lap joint 
response in [23] and in single-lap, protruding-head joint tests in [25]. Like us, Pearce et al. [25] found that 
ultimate joint bearing strength of quasi-isotropic T300/CYCYOM970 fabric specimens decreased with increased 
loading rate. Temperature was proposed as a possible cause, as high temperatures present in dynamic joint tests 
may degrade the compressive properties of the laminate (counteracting any enhancement due to strain rate). The 
temperature argument correlates well with the temperature measurements of Buckley et al. [21] in the 
compressive tests on neat resin, in which they showed the temperature staying constant prior to yielding, but 
then rising sharply after yield, up to 60?C before final fracture, and over 75?C during the fracture process; 
internal temperatures were probably considerably higher. In our process, fracture occurs continuously during a 
confined crushing at the hole, includes fibre failure within the resin, and involves considerable frictional 
interaction between the bolt and hole surfaces, so it is plausible that internal temperatures are high enough to 
degrade matrix properties. Another factor is the nature of the loading on the matrix as extensive bearing failure 
starts to occur. At that point, plies begin to delaminate and separate and a “brooming” deformation of the plies 
perpendicular to the loading direction occurs. In this latter stage of the process, the resin-rich inter-ply region is 
critical, and it is loaded primarily in tension and shear. As noted in Section 1, resin loaded in tension displays a 
more brittle behaviour at high rate loading [11, 21], with a low strain to failure. Thus, the combination of high 
temperature degrading the matrix and embrittlement of the inter-ply resin at high strain rates may explain the 
drop in the ultimate bearing stress of the joint with increased strain rate. Studies which monitor joint 
temperature, as proposed in [25], could shed further light on this.  
Bearing stress versus bearing strain curves for the thicker (E-layup) single-bolt specimens are shown in Figure 
15. Extensometer readings were not available for two of the quasi-static tests, so only ultimate strength is 
provided for these tests. Again the dynamic joint stiffness is similar to the quasi-static stiffness, though bolt-hole 
clearance was slightly greater in the quasi-static test. The 2% offset strength is significantly higher (~25%) in 
the high speed tests compared to the quasi-static test. In the quasi-static test, the effect of the initial countersunk 
head crack in E-layup joints referred to above is particularly pronounced, with a sharp drop in bearing stress at 
around 9% bearing strain, followed by a prolonged period of further laminate crushing at a lower stress level. 
The ultimate bearing strength of the high speed ELam_B1 joints is significantly higher than that of the quasi-
static specimens. This was not the case for the thinner C and AC joints. This different behaviour may be 
explained by the fact that the maximum stress for the E-joints occurs when the fastener crack appears, whereas 
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the maximum stress for the thinner layups occurs when a stable composite crushing process initiates, i.e. the 
ultimate bearing strength of the E-layup joints is controlled by the fastener not the laminate. The logarithmic 
increase of titanium strength with strain rate [36], would account for improved fastener performance and hence 
increased strength in joints where ultimate strength is governed by fastener damage. 
3.3 Multi-bolt joint bearing response curves  
In quasi-static, multi-bolt joint tests, three-dimensional DIC applied to the top surface of the countersunk 
laminate provided a joint displacement measure at the loaded end of the overlap region. Two-dimensional DIC 
was used to measure displacement at the same location in high speed tests (see Figure 1(b)). A simple spring 
analysis was used to correct for the slightly shorter laminate length between the overlap and the grips in quasi-
static tests (see Table 1). In Figure 16, reaction force from multi-bolt joint tests (all of which involved C-layups) 
is plotted against joint displacement at the DIC output location. Ultimate loads almost three times greater than 
those achieved for single-bolt C-layup joints are observed. The 5 m/s test results (Figure 16(a)) display excellent 
repeatability, with the 10 m/s results (Figure 16(b)) showing greater scatter. The load level at which the stick-
slip “kink” is observed is now considerably higher (3 - 4.5 kN) than that of the single-bolt tests. This was 
expected as resistance to slipping is provided at three fastener locations leading to higher friction forces before 
slip. The 5 m/s samples responded similarly to the quasi-static test samples (Figure 16(a)) in terms of stiffness 
and the load at which first significant failure occurred. Ultimate load tended to be lower in the dynamic multi-
bolt joint tests, which was also a feature of the single-bolt C-joint (and AC-joint) results. In the 10 m/s tests 
(Figure 16(b)), stiffness was somewhat reduced compared to the quasi-static tests, most notably for repeat 3. 
Significant clearance appears to have been present in repeats 1 and 3, which may have affected the initial 
loading response.  
3.4 Energy absorption 
A crucial role of an airframe is to absorb energy in an impact situation, improving survivability. Energy 
absorption in each test was calculated by integrating the area under the load-displacement curve. Energy 
absorption in the quasi-static tests was calculated to provide a baseline comparison, even though it is not 
relevant to impact loading events. Unlike the high speed experiments, quasi-static tests were not always run to 
complete joint separation. Data to complete failure were available for two single-bolt C-layup joint repeats, 
permitting energy absorption to be calculated, one of which exhibited FF failure and the other of which 
experienced FP failure. 
Energies absorbed in the dynamic single-bolt joint tests are plotted in Figure 17(a). The most notable feature of 
the data is the very low energy absorption for joints exhibiting FF as the final failure mode. ELam_B1 joints 
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which failed via fastener fracture at a thread (FF failure) absorbed far less energy than those exhibiting fastener 
pull-through (FP), e.g. the 5 m/s test specimen which exhibited FF failure only achieved about one third of the 
energy absorption attained by the other two repeats. As noted previously, fastener fracture interrupts the joint 
failure process, and leads to less energy absorbed through damaging the laminate (Figure 7 and Figure 9); the 
reduction in energy is also expected when one examines the force-extension curves in Figure 13. There was 
significant scatter in the energy absorption results, particularly for the CLam_B1 joint. Li et al. [24] also found a 
large degree of scatter in energy absorption where fastener pull-through was the final failure mode and 
attributed this to instabilities which occur as the rivets progressively pull through the composite. 
Table 3 shows, for all single-bolt dynamic tests, average energy absorption, standard deviations and specific 
energy absorption, which is obtained by dividing the energy by the material mass in the overlap region, 
excluding the mass of the bolt (as in [24]). ELam_B1 joints which exhibited FF failure are shown separately to 
those which did not. The average energy absorption for all the tests which exhibited FP failure can be seen to be 
similar for all three layups at ~56-65 J. In comparison, the quasi-static, C-layup joint that exhibited FP failure 
(CLam_B1_QS_3) absorbed only 32.1 J, while the quasi-static, C-layup joint that exhibited FF failure 
(CLam_B1_QS_1) absorbed just 16.9 J. Thus energy absorption in dynamic, single-bolt tests was at least double 
that in quasi-static tests.  
Specific energy absorption values for all joints exhibiting FP failure, fell within the range of values obtained by 
Li et al. [24] for riveted joints (4.2 to 15.2 kJ/kg). Compared to specifically-designed energy absorbing 
composite tubes, these values are low, e.g. a 0/90
0
 carbon-epoxy tube in [37] exhibited 56 kJ/kg. This is to be 
expected since energy is absorbed in composites through controlled crushing, i.e. breaking the fibres in as many 
places as possible (in contrast to the folding mechanisms in metallic energy absorbers which seek to maximise 
to amount of material undergoing plastic deformation), and crushing in joints is limited to the bolt-hole contact 
region(s). Nonetheless the energy absorbed in joints is vital in an impact event, given there are so many rivets in 
an aircraft.  
ELam_B1 joints which displayed FF failure showed an average specific energy absorption of just 3.8 kJ/kg, 
only 37% of that in ACLam_B1 joints. If overall panel design is considered, the ACLam_B1 joints have the 
benefit of reducing weight in the non-overlapping region, without any loss in energy absorption capability. E-
layup joints performed poorly in terms of specific energy absorption, even for specimens exhibiting FP failure. 
Although the 25-ply, E-layup joints were significantly thicker than the others (which had 17-ply layups in the 
overlap region) they did not absorb greater energy. This is counter-intuitive as greater joint forces occur (see 
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Figure 13) and more plies can be crushed to absorb energy. Energy absorption in the single-bolt, E-layup joints 
appeared to be limited by two factors – (a) FF failure in 3 of the 6 tests conducted, and (b) in the other three 
tests, a lower level of hole crushing (see Figure 9(b)) compared to the thinner specimens. Consideration of the 
forces acting on the fastener can explain this. Figure 18 shows a free body diagram of the bolt, in which the 
forces resulting from contact with the laminates at the hole form a couple, . Resulting bolt rotation induces 
contact forces on the countersunk head,  and nut, . For thicker joints, laminates sustain increased 
loads, so  is larger. The centres of pressure of these loads will also be farther apart so d is larger too. 
Consequently a greater moment has to be reacted by bolts in thicker E-layup joints. This addresses both factors 
limiting energy absorption, as increased nut and countersunk head forces would: 
1) Increase the likelihood of catastrophic bolt failure at a thread (FF failure). 
2) Promote countersunk head damage at lower levels of crushing than those achieved in joints of thinner 
laminates (facilitating earlier FP failure). 
Thus, if joints are to be designed to maximise energy absorption, simply thickening laminates in the overlap 
region may lead to an undesirable outcome. Attention should also be paid to the stresses experienced by the 
fastener head and nut, which govern final catastrophic failure and are sensitive to the d/t geometric parameter, 
the countersunk head angle and indeed the material properties of the fastener. Typical fastener fractures which 
occurred in tests, including the initial countersunk head crack exclusive to E-layup joints (see Figure 9(a)), are 
highlighted in Figure 18.  
Energy absorption for high speed tests on multi-bolt (CLam_B3) joints is shown in Figure 17(b). The average 
value is about 170 J, which compares with about 68.3 J for the quasi-static CLam_B3 test. Fastener thread 
fracture (FF) at two bolt locations in the quasi-static test, which did not occur in high speed tests, accounts for a 
significant portion of this difference. In the dynamic tests, about three times more energy is absorbed by the 
joints containing three bolts compared to that absorbed in single-fastener C-layup tests, which averaged 57 J. 
This correlates well with the fact that the level of bearing damage in each hole in the three-bolt tests (Figure 10) 
is similar to that in the single-bolt tests (Figure 7). In the quasi-static tests, the energy absorbed in repeat 2 of the 
C-layup, multi-bolt tests, which exhibited two FF failures and one FP failure was 68.3 J; if one adds the quasi-
static energy absorption of two single-bolt FF failures (2 x 16.9 J) and one single-bolt FP failure (32.1 J), one 
obtains 65.9 J. Thus, both the dynamic and quasi-static tests indicate that the final failure modes and energy 
absorption in the three-bolt tests could be approximately predicted from the single-bolt test results. This result is 
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certainly interesting but would be unlikely to hold in situations where a greater variety of failure modes was 
displayed (e.g. net-tension failures as well as the failure modes exhibited here). 
4 Conclusions 
A range of single-bolt and multi-bolt carbon-epoxy composite joints were subjected to tensile tests under quasi-
static and dynamic loading conditions. Results were characterised in terms of load-displacement response, 
failure mode and energy absorption. All joints failed initially in bearing as desired. There was a significant shift 
towards fastener pull-through as the final failure mode, rather than fastener fracture at a thread, as the loading 
rate increased. Fastener fracture at a thread led to greatly reduced bearing damage in the laminate and energy 
absorption by the joint, and is thus undesirable from vulnerability considerations. Even for quasi-static joints 
which failed by fastener pull-through, energy absorption was only half that in similar dynamic tests. Tests at 
5 m/s and 10 m/s gave similar results suggesting a threshold loading velocity above which results are 
unchanged. Hot debris was expelled at the end of dynamic tests which would be a concern in areas exposed to 
fuel vapour. 
A Butterworth low-pass filter with 2500 Hz cut-off frequency gave a clean load-deflection curve, with a 
repeatable load at which the joint components first slip relative to each other, and a novel “virtual extensometer” 
method for measuring local joint displacement in dynamic tests worked well. C-Joints, consisting of two C-
layups, gave similar results to AC-joints, involving a C-layup fastened to a thinner A-layup, with the A-Layup 
tapered up to a C-layup in the joint region. This indicates that such tapering can be successfully employed to 
reduce weight in adjacent panel regions. For the C and AC joints, the 2% offset bearing strength increased with 
strain rate, but the ultimate bearing strength decreased. We suggest that enhanced matrix compressive properties 
are responsible for the increase in 2% offset strength, while embrittled tensile matrix properties in the inter-ply 
region, as well as reduced matrix properties due to temperature increase, are causes for the reduction in ultimate 
bearing strength. For the E-layup, the ultimate bearing strength increased with loading rate (in addition to the 
2% offset strength) due to it being governed by the occurrence of a crack in the fastener head.  
The energy absorption and bearing damage in multi-bolt joints was predictable from single-bolt test results, 
which could potentially allow for a reduction in testing programmes in the future. The 25-ply E-layup joints did 
not give greater energy absorption compared to joints containing 17-ply laminates in the overlap region, even 
though the maximum load reached was far higher and more plies were available to damage. This was because 
the fastener had to sustain higher loads with the thicker layup, which led to either fastener fracture at a thread, or 
premature cracking and/or breaking of bits of the countersunk fastener head (facilitating earlier pull-through). 
The fastener is thus seen to be a crucial component in the design of energy-absorbing joints. The avoidance of 
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fastener failure at a thread, and the postponement of fastener pull-through for as long as possible, to allow as 
much damage to occur in the laminate as possible, are key goals in energy-absorbing joint design. Using a 
fastener material with higher fracture toughness for example could be highly advantageous for this application, 
and further consideration of thread and countersink geometry could also yield significant gains.  
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Annex A – Load-displacement curves (online version only) 
This annex contains the filtered load-displacement curves for all high-speed tests. 
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Figure Captions 
Fig. 1  (a) Single-bolt joint geometry, (b) multi-bolt joint geometry. DIC speckle refers to the high speed tests. See 
Table 1 for values of e, w, t, g and L. All dimensions are in mm. 
Fig. 2  (a) Schematic of Zwick Amsler HTM 5020 machine used to conduct the high speed bearing tests, (b) high 
speed test setup. 
Fig. 3  Measurement of deformation in the overlap region - (a) quasi-static test (extensometers), (b) example of 
high speed test image used for 2D DIC, (c) processing of virtual extensometer data; DIC in equation (3) is 
the difference between the two curves shown. 
Fig. 4  Failed single-bolt samples with same final failure mode: (a) quasi-static test specimen CLam_B1_QS_3, 
final failure: FP, (b) high speed test specimen CLam_B1_TV5_1, final failure: FP. The high-speed 
specimen displays greater bearing damage (CSK: countersunk laminate, NCSK: non-countersunk 
laminate). 
Fig. 5  Failed multi-bolt samples - (a) quasi-static test specimen CLam_B3_QS_1, final failure: 2xFF, 1xFP, (b) 
high speed test specimen CLam_B3_TV10_1, final failure: 3xFP (CSK: countersunk laminate, NCSK: 
non-countersunk laminate).  
Fig. 6  Footage of a high speed test on a single-bolt joint (specimen: CLam_B1_TV10_1, final failure: FP) 
showing secondary bending, bolt rotation and fastener pull-through. Note the hot debris emitted as the 
countersunk head fractures and fastener pulls through.  
Fig. 7  Failed single-bolt C-layup joint from a high speed test - specimen: C_TV10_1, final failure: FP (CSK: 
countersunk laminate, NCSK: non-countersunk laminate).  
Fig. 8  Footage of a high speed test on a single-bolt joint (specimen: ELam_B1_TV10_1, final failure: FF) 
showing secondary bending, bolt rotation and fastener fracture at a thread, accompanied by hot debris.  
Fig. 9  Failed single-bolt E-layup joints - (a) specimen:  ELam_B1_TV10_1, final failure: FF, (b) specimen: 
ELam_B1_TV5_1, final failure: FP (CSK: countersunk laminate, NCSK: non-countersunk laminate). 
Fig. 10  Failed multi-bolt C-layup joint from a high speed test - specimen: CLam_B3_TV5_1, final failure: 3xFP 
(CSK: countersunk laminate, NCSK: non-countersunk laminate). 
Fig. 11  Examples of force signals (CLam_B1 joint) - (a) reaction force, (b) filtered reaction force (2500 kHz low 
pass filter), (c) reaction force reconstructed from modified FFT.  
Fig. 12  Filtered reaction force for 5 m/s tests on single-bolt, C-layup (CLam_B1) joints - (a) versus machine 
stroke, (b) versus virtual extensometer displacement. 
Fig. 13  Filtered reaction force plotted against virtual extensometer displacement for all single-bolt joints - (a) 5 m/s 
tests, (b) 10 m/s tests. 
Fig. 14  Bearing stress versus bearing strain, including quasi-static results, for (a) CLam_B1_TV5 tests, (b) 
CLam_B1_TV10 tests, (c) ACLam_B1_TV5 tests, (d) ACLam_B1_TV10 tests.  
Fig. 15  Bearing stress versus bearing strain for single-bolt, E-Layup (ELam_B1) joints, including quasi-static 
results – (a) 5 m/s, (b) 10 m/s. Since extensometers were not used on repeats 1 and 3 of the quasi-static 
tests, only ultimate strength is shown. 
Fig. 16  Filtered reaction force versus virtual displacement at the DIC point of interest (see Figure 1) for the multi-
bolt joints, including quasi-static results – (a) 5 m/s, (b) 10 m/s. 
Fig. 17  Energy absorption in the dynamic tests – (a) single-bolt joint tests, (b) multi-bolt (CLam_B3) joint tests. 
Fig. 18  Free body diagram of countersunk bolt showing main forces exerted by the laminates (friction forces are 
omitted). 
Figure Captions – Electronic Annex A 
Fig. A-1  Filtered reaction force from tests on single-bolt, C-layup (CLam_B1) joints - (a) 5 m/s, (b) 10 m/s. 
Fig. A-2  Filtered reaction force from tests on single-bolt, E-layup (ELam_B1) joints - (a) 5 m/s, (b) 10 m/s. 
Fig. A-3  Filtered reaction force from tests on single-bolt, AC-layup (ACLam_B1) joints - (a) 5 m/s, (b) 10 m/s. 
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Fig. A-4  Filtered reaction force from tests on three-bolt, C-layup (CLam_B3) joints - (a) 5 m/s, (b) 10 m/s. 
 
Tables 
Table 1  Codes describing layups and joint geometries (QS=quasi-static, HS=high speed). Geometric parameters 
defined in Figure 1. All dimensions are in mm.  
Table 2  Final (catastrophic) failure mode (FF = Fastener failure at a thread, FP = Fastener pull-through). 
Table 3  Energy and specific energy absorption in the dynamic single-bolt joint tests. 
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Code Layup / Specimen Refer to: g 
(QS/HS) 
L 
(QS/HS) 
w t e p 
CLam_B1 C-Layup (CLam) Single-Bolt (B1) Joint Figure 1 (a)  
75/50 
 
155/160 
30 2.125 15 - 
ACLam_B1 A(tapered-to-C) & C-Layup (ACLam), 
Single-Bolt (B1) Joint 
Figure 1 (a) 30 2.125/1.625 15 - 
ELam_B1 E-Layup (ELam) Single-Bolt (B1) Joint Figure 1 (a) 30 3.125 15 - 
CLam_B3 C-Layup (CLam) Three-Bolt (B3) Joint Figure 1 (b) 75/50 200/190 30 2.125 22 22 
ELam_B3 E-Layup (ELam) Three-Bolt (B3) Joint Figure 1 (b) 75/- 200/- 30 3.125 22 22 
A-Layup [-45/90/+45/0/0/+45/90/-45/0/0/+45/90/-45] 
C-Layup [-45/90/+45/0/0/0/+45/0/90/0/-45/0/0/0/+45/90/-45] 
E-Layup [-45/90/+45/0/0/0/-45/+45/0/0/0/-45/90/+45/0/0/0/+45/-45/0/0/0/+45/90/-45] 
 
Table 1
  
 
 
 
 QS_1 QS_2 QS_3 TV5_1 TV5_2 TV5_3 TV10_1 TV10_2 TV10_3 
CLam_B1 FF FP FP FP FP FP FP FP FP 
ACLam_B1 FF FF FP FP FP FP FP FP FP 
ELam_B1 FF FF FF FP FF FP FF FP FF 
CLam_B3 2xFF/1xFP 2xFF/1xFP - 3xFP 3xFP 3xFP 3xFP 3xFP 3xFP 
ELam_B3 3xFF 3xFF - - 
Table 2
  
 
 
Specimen Average Energy  
(J) 
SD (% of mean) Average Specific Energy 
(kJ/kg) 
CLam_B1 56.7  12.4 (22%) 9.5 
ACLam_B1 62.2  4.2 (7%) 10.4 
ELam_B1 exhibiting FP failure 64.5  5.3 (8%) 7.4 
ELam_B1 exhibiting FF failure 32.9  8.1 (25%) 3.8 
Table 3
